The gradient diver method has been adapted to measure photosynthesis during the early development of a single zygote of the multicellular green alga Ulva mutabilis F¢yn . The cells have only one chloroplast, and the results indicate that during growth of the chloroplast the rate of 0 2-production increases linearly in the early part of the cell cycle but remains constant or decreases at the end of the cycle .
INTRODUCTION
It has been firmly established by extensive studies which is bisected by the same division furrow as of cleaving eggs from various animal species that the cell (9) . the rate of respiration shows a temporary decrease Electron micrographs suggest that the memand reaches a minimum every time the egg divides (5, (17) (18) (19) (20) (21) (22) . Also, in growing cells the increase in respiratory rate has a tendency to slow down before division (7, 20) , which presumably indicates a decrease in synthetic rate at that time (7, 13, 14) . We have extended the studies of metabolism and cell division to photosynthetic organisms and have shown that in Euglena gracilis the over-all photosynthetic rate increases during interphase, but it appears to stay constant around division (11) . The experiments indicated that the increase occurred in a small number of distinct steps, each step possibly representing an activation of a part of the photosynthetic apparatus which in Euglena might consist of about 10 plastids (4) . However, in this organism it is difficult to establish whether the growth of the chloroplasts is synchronous throughout the cell cycle or whether different chloroplasts are engaged in growth and divide at different times . The cells of the multicellular alga Ulva mutabilis F¢yn (2) present the opportunity to study the increase in function during the growth of a single cell organelle . In this plant each cell has only one large chloroplast branes of the chloroplast might be in a state of growth at the time of division (9, 10) and, if so, this may explain the increase in photosynthetic rate which in synchronized Ulva seems to occur around cell division (8) . To investigate more closely whether the activity of the growing chloroplast increases gradually through the cell cycle or stepwise, the gradient diver method (12) was adapted to measure photosynthesis of a single tuna cell and its progeny.
MATERIALS AND METHODS
The measurements were made on germlings of the mutant Slender (3), which were also used for the electron microscopic studies mentioned above . The plants were cultivated, induced to form gametes, mated, and the zygotes were isolated as described in reference 3 . Germination took place in continuous light (experiment of Fig . 4 ) or under the conditions of a diurnal light-dark cycle (experiments of Fig. 3 ; 17 hr light, 7 hr dark) . When the first zygotes divided after 3 to 4 days (Fig . 1) , one of them was sucked up with growth medium into an ampulla diver (20), and the photosynthetic rate during further growth in con-tinuous light was determined by the gradient diver method (12) . Though the zygotes before transfer to the diver were washed in sterilized medium, some bacteria presumably were still adhering to their surface . However, there was no measurable difference in the rate of gaseous exchange in control divers (loaded as the experimental diver but without a cell) filled with both unsterilized and sterilized growth medium .
The divers, which had gas volumes of 0 .02-0 .03 µl, were made and filled as described in reference 11 .
The growth medium was Erdschreiber (1) and the tail fluid consisted of an 0 .3 M carbonate/bicarbonate buffer (8) with 1 .25% NaCl. The NaCl made the tail fluid isotonic with the growth medium and prevented water transfer between the fluids in the diver . The experimental diver, together with a control diver, was set afloat in a 28 cm linear gradient, made in a cylinder as described in reference 12, from the 0.3 M buffer NaC1 solution and a solution of Na 2 SO4 in the same fluid . The densities at the surface and at the bottom were measured to be 1 .04 and 1 .19, respectively . The gradient cylinder was mounted in a water bath at 22°C . The divers were illuminated continuously with light from a Prado-Lux (Leitz, Wetzler, West Germany) slide projector, and the light intensity measured just behind the gradient tube was about 5000 Lux (about 500 ft) . Experiments have shown that this light intensity permits maximal rates of cell proliferation . The gradient cylinder was photographed every hour with a Nicon (Nippon Kogateu K .K ., Tokyo, Japan) automatic camera coupled to a Robot timer (Robot Industries . Inc ., Dearborn, Mich .) (Fig . 2 a) . When the experiment was finished, the experimental diver was used to calibrate the gradient . The metabolism of the plant Zygotes that have just divided .
in light from a fluorescent tube could be ignored for the short time (15 nun) it took to establish equilibrium pressure at different levels . A 1 mm vertical displacement required a 7-10 mm H 20 pressure change over the gradient fluid .
The gradient (Fig. 2 b) was read from the photographic negatives with a cathetometer (accuracy ±0.01 mm) . The standard (standard 1, Fig . 2 a) used as a reference was at constant level throughout the experiment, while another standard (standard 2) appeared to fall slowly . Zero time was the time at which the control divers began to fall at constant rate, usually 3-6 hr after the gradient was closed off from the atmosphere .
The rates of gaseous exchange (µl/hr) in experimental divers and control divers were calculated as described in references 6 and 12 ; the algol program was translated into the Fortran language by cand .real
A . Lunde at the computer center, University of Oslo .
The rates of 0 2-evolution plotted in Figs . 3 and 4 are the rates of gaseous exchange in the experimental diver at the particular times plus the constant rate of air loss from a control diver . The rates as plotted thus represent apparent photosynthetic rates . The absolute accuracy of the method depends on the accuracy with which the gas volume of the divers can be determined and on the limits within which the blanks are reproducible. The volume of the gas bubble was calculated from linear measurements taken with the cathetometer, but the error thereby introduced could not be determined by the independent methods of weighing because a sufficiently accurate balance was not available . The constant rate by which four control divers lost air varied between FIGURE 2 a, Gradient tube with two standards, one experimental diver and one control diver. b, Position of standards and divers in the gradient at different times . The curves represent experiments performed in different gradients . The curve marked with an asterisk represents the same experiment as the upper curve in Fig . 3 . 0 .3 X 10 -5 µl/hr and 0 .6 X 10 -5 µl/hr. In the beginning and at the end of an experiment this variation represented, respectively, about 25 and 1-5 0 Jo of the rates at which 02 was evolved in the experimental divers . The error of the individual rate measurements is estimated from the scatter around curves fitted to the points by eye, and is seen to be about 0 .5 X 10-5 µl/hr-1 .0 X 10 -5 ul/hr.
In contrast to earlier experiments (8), the tail fluid did not contain carbonic anhydrase . Consequently, the rapidity at which equilibrium was established between buffer and gas phase was slower than before (see Fig . 3 in ref. 8 ) . The rate of CO2-consumption increases during the experiments and, as a consequence, the CO2-pressure of the gas phase should theoretically decrease with time if CO2 is not evolved with sufficient speed from the buffer. The rate at which CO2 is transferred from the tail fluid to the photosynthesizing plant is at least fast enough to permit a zygote to grow into a germling consisting of 8-16 cells in the normal time . If the partial pressure of CO2 in the gas phase should happen to decrease as much as from 3 mm H20 to 0 mm H20 during a 30 hr experiment, this would correspond on average to about 10 -5 µ1 C02, which is negligible compared to the amount of oxygen evolved during a 30 hr period . It is, therefore, most likely that the absence of carbonic anhydrase has no practical influence on the results of experiments when they are performed in continuous light and when the CO2 is transferred only in one direction .
The rates of 02-evolution of plants about 3 weeks old grown at a diurnal cycle of 17 hr light and 7 hr dark were measured at intervals in growth medium in 
RESULTS AND DISCUSSION
The experiments presented below are three out of eight experiments . All the experiments showed clear periodicities in the increase of photosynthetic rate . A period in which the rate increased was always followed by a period in which it appeared constant (Fig . 3, upper curve, 6-10 When the zygotes were sucked up in the diver they were either about to enter the first division or had divided (Fig. 1) . Because zero time was 3-6 hr after the divers were set afloat in the gradient, it is reasonable to assume that the first minimum and the second minimum occurred when two cells became four, and four cells became eight, respectively . After the experiment the plant was checked to consist of 8-16 cells .
In the present experiments respiratory rate was not measured and the curves give only the apparent photosynthetic rate. It is, therefore, theoretically possible that the decrease in rate before a minimum is due to a rapid increase in respiration . The respiratory rate is, on average, about 34 of the photosynthetic rate at maximum, and there is no evidence that it increases stepwise . In a synchronous thallus, decrease in photosynthetic rate does not seem to be accompanied by an increase in respiration (8) . It is, therefore, likely that the decrease in rate before the minima most probably represents a decrease in oxygen production by the photosynthetic apparatus . A decrease in rate might indicate that a part of the chloroplast either becomes inactive or becomes engaged in energyproducing processes not accompanied by 0 2-production . In the latter case the periods with decreasing rate might, in fact, represent active periods of endogenous synthesis, whereby photosynthetic products which have accumulated earlier in the cell cycle are transformed into cellular structures. There is some evidence from experiments with synchronized cultures of Scenedesmus that the decrease in the rate of O2-evolution FIGURE 5 Relative rate of 02 -production of a thallus grown at a diurnal cycle of 17 hr light and 7 hr dark . Divisions occur in the dark (D) period . Theoretical values are calculated assuming that the thallus consists of two populations which divide on alternative nights and show the photosynthetic rates indicated in the insert .
at the end of the cycle is not accompanied by a change in photosystem I reactions, but only by a decrease in the rate of photosystem II reactions (15) . This might indicate that the rate of photosynthetic (cyclic) phosphorylation remains constant at the end of the cell cycle . Though it appears unlikely, there is also the possibility that part of the photosynthetic structure is destroyed in periods with decreasing rate .
If the photosynthetic apparatus remains intact during a period with decreasing rate, the subsequent increase must represent both activation of structures already present and synthesis of new structures. That synthesis of thylakoids may take place subsequent to the division of the chloroplast is suggested by electron micrographs (9, 10) . The figures to the right in Fig . 3 show that the photosynthetic rate approximately doubles from one maximum to the next . In one case the doubling in rate seemed to take place during a very short time . The curve marked with an asterisk in Fig .  2 b, which shows the position of a diver in the gradient against time, suggests that a new, constant rate of upward movement began suddenly at the 11th hr . However, when analysed from hour to hour, the picture is not so clear (Fig . 3,  upper curve, 10-15, 5 hr) . The rate of increase might have been the same as in the experiment represented by the lower curve in Fig . 3 , as is indicated by the stippled curve . The doubling time is then 3 .5 hr. This figure represents a maximal value, and the doubling might have taken place during a much shorter period, which suggests that the synthesis necessary to double the rate of 02-production of a chloroplast under certain conditions may be restricted to a short period in the cell cycle after division . The observation reminds one of the stepwise increase in photosynthesis reported for Euglena (10) .
In the lower curve of Fig . 3 the slopes of the linear parts show a tendency to double after a period with decreasing rate (0 .54 X 10-5 Fd/hr2 , 1 .08 X 10-5 µl/hr2, 1 .74 X 10-5 ,ul/hr2 ) . Since the germling in this experiment after a 40 hr period of growth obtained the highest rate of oxygen evolution recorded in diver experiments (25 X I0 -5 ,ul/hr), this particular curve gives presumably the best approximation of the pattern of increase in photosynthesis under normal conditions . Also the early part (0-14 hr) of the upper curve of Fig .  3 and the curve of Fig . 4 indicate that the slopes of the linear parts are higher after a period of constant (Fig. 3) or decreasing (Fig . 4 ) rate than they are before such a period . In the later part of these experiments this phenomenon is not observed . The reason for this is presumably that the zygotes in the divers are not growing under ideal conditions . The curve in Fig. 4 may suggest what happens when the possibility of further growth in the diver is exhausted . After 40 hr the rate of 0 2-production fluctuated irregularly for some hours, and then decreased towards zero . When examined after the experiment, however, the plants consisted of eight cells and would undoubtedly have grown further if exposed to normal culture conditions . In three cases, when the germlings were removed from the diver after the experiment and grown further under normal conditions, they gave rise to normal plants . However, it is not known if all the 8-16 cells then participated in the construction of the plants .
When the rate of 0 2-production increases linearly during most of the cell cycle, as is suggested by the lower curve in Fig . 3 , the growth curve for photosynthetic product and total mass from division to division is theoretically expected to be of an exponential type, which shows increasing growth rate with time . The presence of a period with decreasing photosynthetic rate at the end of the cell cycle, however, will there tend to reduce the growth rate, so that the growth curve may appear as linear or show a decreasing slope at the end of the cycle (see ref . 7) . If, on the other hand, the rate of 0 2 -production increases over a short period of time at the beginning of the cell cycle and thereafter decreases (Fig . 3 , upper curve, 12 hr period), the growth curve for total 3 9 4 THE JOURNAL OF CELL BIOLOGY • VOLUME 43, 1969 mass is theoretically no longer of the exponential type, but will show decreasing slope with time . In practice, it is not possible to distinguish between these growth curves which in theory are so different (see ref. 7) , but it should be mentioned that the reduced weight of a synchronous thallus seems to increase linearly with decreased growth rate before division (8) .
Synchronized cell populations grown at a lightdark cycle show in principle the same kind of fluctuations demonstrated here for the progeny of a single cell grown in continuous light . In the present experiment on synchronized populations (Fig . 5) , the doubling time for mass was 48 hr and the rate of O z -production continued to increase over a longer period of time than in earlier experiments (8) when the doubling time for mass was only 24 hr . The difference between the earlier and the present experiments on synchronized populations is in principle the same kind of difference as that between the curves of the 12 hr cycle and the 16 hr cycle in Fig . 3 . In the former, the rate increased during (at the most) 13 of the total cycle, in the latter during % of the total cycle, the generation times being presumably 12 and 16 hr, respectively . The observations suggest a connection between the rate by which photosynthesis increases and the generation time.
In synchronized populations there are periods of cell division every 24 hr (8) . Because the mass doubled only every 48 hr, it may be assumed that the plant, like a culture of Goniaulax (16) , consists of two populations of cells which divide on alternate nights . If the capacity for 0 2 -production in the cells increases to the maximal value during the first 40 hr of the cell cycle and decreases 50 °%o before entering division at 48 hr (Fig . 5, insert) , the observed fluctuations of photosynthesis in synchronized populations are not far from the calculated ones .
The fact that metabolic rates-respiration in animals and photosynthesis in plants-show similar fluctuations throughout the cell cycle suggests common or similar cellular controls of the mechanisms which regulate increases in both functions from division to division . Especially interesting is the finding that the capacity for increase in respiratory or photosynthetic functions appears to double around division and also at a time when there is a temporary halt in increase of respiration (7, 20) or of photosynthesis . In Ulva the observed changes are seen to be connected with the activi-
